1. Introduction {#sec1-nutrients-11-00176}
===============

With an increased life expectancy, aging-related cognitive impairments have become an important social issue because of impaired quality of life in the elderly. In addition, brain aging is the main causing factor in the development of neurodegenerative diseases \[[@B1-nutrients-11-00176]\]. Accumulation of oxidative stress is one of the contributing mechanisms underlying accelerated brain aging, and antioxidants as preventive medicine have been attracting attention because they may delay brain aging \[[@B2-nutrients-11-00176],[@B3-nutrients-11-00176],[@B4-nutrients-11-00176]\]. D-galactose (D-gal), a monosaccharide, is commonly found in dairy products, avocado, sugar beet, and mucilage. D-gal is normally metabolized into galactose-1-phosphate, but at high levels, D-gal causes the accumulation of galactitol and subsequent formation of advanced glycation end-products \[[@B5-nutrients-11-00176]\]. Banji et al. (2013) also reported that D-gal (150 mg/kg) treatment caused oxidative damage by increasing protein carbonyls and advanced oxidation protein products in the rat brain \[[@B6-nutrients-11-00176]\]. Moreover, chronic systemic treatment with high levels of D-gal accelerates brain aging through accumulated oxidative stress \[[@B2-nutrients-11-00176],[@B4-nutrients-11-00176],[@B7-nutrients-11-00176],[@B8-nutrients-11-00176],[@B9-nutrients-11-00176]\]. As occurs during natural brain aging in humans, D-gal-induced brain senescence animals exhibit brain aging phenotypes, including memory impairment and adult hippocampal neurogenesis reduction \[[@B8-nutrients-11-00176],[@B9-nutrients-11-00176],[@B10-nutrients-11-00176]\].

Ascorbic acid (reduced form of vitamin C) is essential because it functions as an electron donor and a cofactor for enzyme activation and is involved in collagen synthesis, wound healing, bleeding prevention, antioxidation, and regulation of the immune response \[[@B11-nutrients-11-00176]\]. Therefore, supplementation of ascorbic acid is recommended. In addition, ascorbic acid can be acquired from natural sources, mainly from fruits and vegetables and in small quantities from meat and milk \[[@B12-nutrients-11-00176]\]. Rats, mice, dogs, and cats can synthesize ascorbic acid from glucose in the liver, while humans and guinea pigs must be supplemented with ascorbic acid from external sources \[[@B13-nutrients-11-00176]\]. The concentration of ascorbic acid is relatively higher in the brain than in other organs. Notably, the concentration of ascorbic acid is higher in the hippocampus, amygdala, cerebral cortex, and hypothalamus than in other brain areas \[[@B14-nutrients-11-00176]\]. Notably, the concentration of ascorbic acid peaks at the postnatal period, and subsequently, its level decreases with aging \[[@B15-nutrients-11-00176]\]. Moreover, the blood level of ascorbic acid has an inverse relationship with the mortality of chronic diseases, such as cardiovascular disease, ischemic heart disease, and cancer \[[@B16-nutrients-11-00176]\]. However, whether decreased levels of ascorbic acid are responsible for brain aging is an unsolved issue, and the effects of ascorbic acid supplementation on the hippocampal structure and hippocampus-dependent memory in the aged brain are unclear. Therefore, the present study investigated the effects of the oral administration of ascorbic acid on adult hippocampal neurogenesis and subsequent memory dysfunction in a D-gal-induced brain senescence animal model.

2. Materials and Methods {#sec2-nutrients-11-00176}
========================

2.1. Animals {#sec2dot1-nutrients-11-00176}
------------

Male C57BL/6 mice aged five weeks were purchased from NaraBio (Narabio Co., Seoul, Republic of Korea). Animals were housed in a conventional state under adequate temperature (23 °C) and humidity (60%) control with a 12-h light/12-h dark cycle and were allowed free access to food (Purina 5008, Purina Korea, Korea) and tap water. The experimental protocols and procedures were approved by the Institutional Animal Care and Use Committee of the Konkuk University (Permit number 16-206). The handling and caring of animals conformed to the guidelines established in order to comply with the current international laws and policies (NIH Guide for the Care and Use of Laboratory Animals, NIH Publication No. 85-23, 1985, revised 1996). Every effort was made to reduce the number of animals used and minimize the suffering of animals caused by the procedures used in the present study.

2.2. Drug Treatment {#sec2dot2-nutrients-11-00176}
-------------------

After one-week acclimation to the condition of housing facilities, the animals were divided into the following four groups: control (CTL), ascorbic acid (AA), D-gal, and ascorbic acid-administered D-gal (D-gal-AA) groups, as described in [Figure 1](#nutrients-11-00176-f001){ref-type="fig"}. Mice aged six weeks were subcutaneously administered D-gal (150 mg/kg/day) once a day for 10 weeks \[[@B17-nutrients-11-00176]\]. After six weeks of D-gal treatment, the animals were co-administered physiological saline or ascorbic acid (150 mg/kg/day) with oral gavage daily for four weeks ([Figure 1](#nutrients-11-00176-f001){ref-type="fig"}). Studies have demonstrated that the dose of ascorbic acid (150 mg/kg/day) adopted in the present study has a favorable effectiveness in mice and rats \[[@B18-nutrients-11-00176],[@B19-nutrients-11-00176],[@B20-nutrients-11-00176]\].

2.3. Body Weight {#sec2dot3-nutrients-11-00176}
----------------

Body weight was measured every Monday morning during the experiment until the end of the experiment.

2.4. 5-bromo-2′-Deoxyuridine Administration {#sec2dot4-nutrients-11-00176}
-------------------------------------------

At 12 weeks of age, the animals (*n* = 10 in each group) received an intraperitoneal injection of 5-bromo-2′-deoxyuridine (BrdU; Sigma, St. Louis, MO, USA) at a dosage of 50 mg/kg in saline twice daily for three consecutive days to examine the effects of D-gal and ascorbic acid treatment on the differentiation of BrdU-positive cells into mature neurons in the dentate gyrus \[[@B21-nutrients-11-00176]\]. Animals were sacrificed four weeks after the final day of BrdU treatment for histology analysis ([Figure 1](#nutrients-11-00176-f001){ref-type="fig"}).

2.5. Tissue Processing {#sec2dot5-nutrients-11-00176}
----------------------

Mice in the CTL, AA, D-gal, and D-AA groups (*n* = 10 in each group with BrdU injection) were anesthetized with 1.5 g/kg urethane (Sigma-Aldrich) and were then perfused transcardially with 0.1 M phosphate-buffered saline (PBS, pH 7.4), followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were removed and post-fixed in the same fixative for 24 h. The brain tissues were cryoprotected by infiltration with 30% sucrose for 48 h. Following equilibration in 30% sucrose in PBS, the brains were serially cut on a cryostat (Leica, Wetzlar, Germany) into 30-μm-thick coronal sections. Subsequently, the sections were collected into 12-well plates containing PBS and were stored in storage solution until further processing.

2.6. Immunohistochemistry {#sec2dot6-nutrients-11-00176}
-------------------------

In order to obtain accurate data, immunohistochemistry was carefully conducted under the same conditions. Five tissue sections were selected at 180 μm apart between 1.46 and 2.46 mm posterior to the bregma, according to a mouse atlas \[[@B22-nutrients-11-00176]\]. The sections were sequentially treated with 0.3% hydrogen peroxide (H~2~O~2~) in 0.1 M PBS and 10% normal horse serum in 0.1 M PBS. Subsequently, the sections were incubated with diluted rabbit anti-Ki67 antibodies (1:500; Abcam, Cambridge, UK) or goat anti-doublecortin (DCX) antibodies (1:50; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) overnight, and they were then exposed to biotinylated goat anti-rabbit or rabbit anti-goat IgG (1:400; Vector Labs., Burlingame, CA, USA) and streptavidin-peroxidase complex (1:400; Vector Labs., Burlingame, CA, USA). The sections were visualized by a reaction with 3,3'-diaminobenzidine tetrahydrochloride (Sigma, St. Louis, MO, USA).

2.7. Double Immunofluorescence {#sec2dot7-nutrients-11-00176}
------------------------------

Double immunofluorescence staining was performed as described in the previous study \[[@B21-nutrients-11-00176]\]. DNA denaturation was conducted for BrdU immunostaining. Briefly, five sections per animal were incubated in 2 N HCl for DNA hydrolysis and then in boric acid for neutralization, and thereafter, the sections were incubated in a mixture of rat anti-BrdU antibody (1:200; BioSource International, Camarillo, CA, USA) and mouse anti-neuronal nuclear protein (NeuN) antibody (1:500; Millipore, Billerica, MA, USA) for 24 h at 4 °C. After washing five times for 7 min each with 0.01 M PBS, the sections were then incubated in a mixture of FITC-conjugated anti-rat IgG (1:200; Vector Labs., Burlingame, CA, USA) and Texas Red-conjugated anti-mouse IgG (1:500; Vector Labs., Burlingame, CA, USA) for 2 h at room temperature. Immunofluorescence was observed using an Olympus BX51 microscope (Olympus, Tokyo, Japan) equipped with a digital camera (DP71, Olympus, Tokyo, Japan) connected to a personal computer monitor.

2.8. Quantification of Histology {#sec2dot8-nutrients-11-00176}
--------------------------------

To elucidate the effects of D-gal and ascorbic acid on cell proliferation, neuroblast differentiation, and neuronal integration, the regions of interest in the dentate gyrus were analyzed using an image analysis system. Images were calibrated into an array of 512 × 512 pixels corresponding to a complete dentate gyrus (primary magnification, 100 ×). Pixel resolution was at 256 gray levels. The numbers of Ki67-, DCX-, BrdU-, or BrdU/NeuN-immunoreactive cells in the dentate gyrus in the hippocampus were counted using an image analysis system equipped with a computer-based CCD camera (Optimas 6.5 software, CyberMetrics, Scottsdale, AZ, USA). The cell counts obtained from all sections of each mouse brain were averaged.

2.9. Western Blot Analysis {#sec2dot9-nutrients-11-00176}
--------------------------

We conducted immunoblotting analysis to examine the effects of D-gal on the protein expression levels of DCX, synaptophysin, phosphorylated Ca^2+^/calmodulin-dependent protein kinase (pCAMK) II, brain-derived neurotrophic factor (BDNF), sirtuin1 (Sirt1), caveolin-1, superoxide dismutase 1 (SOD1), SOD2, interleukin 1 beta (IL1β), and tumor necrosis factor alpha (TNFα) in the hippocampus in CTL, D-gal, and D-AA mice. A total of seven animals in each group were sacrificed by decapitation after anesthesia with urethane (2 g/kg). The brains were removed and weighed, and the hippocampi were then dissected with a surgical blade and were also weighed. The whole hippocampi were stored at −80 °C until further use. The tissues were homogenized in 50 mM PBS (pH 7.4) containing 0.1 mM ethylene glycol bis (2-aminoethyl ether)-N,N,N′,N′ tetraacetic acid (pH 8.0), 0.2% nonidet P-40, 10 mM ethylendiamine tetraacetic acid (pH 8.0), 15 mM sodium pyrophosphate, 100 mM β-glycerophosphate, 50 mM sodium fluoride, 150 mM sodium chloride, 2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol (DTT). After centrifugation, the supernatants were collected, and the protein levels were determined using a Micro Bicinchoninic acid (BCA) protein assay kit with bovine serum albumin as the standard (Pierce Chemical, Rockford, IL, USA). Aliquots containing 40 μg of total protein were boiled in loading buffer containing 150 mM Tris (pH 6.8), 3 mM DTT, 6% sodium dodecyl sulfate, 0.3% bromophenol blue, and 30% glycerol. The aliquots were then loaded onto a polyacrylamide gel. After gel electrophoresis, the separated proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (BIO-RAD). To reduce background staining, we incubated PVDF membranes with 5% non-fat dry milk in Tris-buffered saline with 1% Tween-20 (TBST) for 1 h at room temperature. Subsequently, the PVDF membranes were incubated with mouse anti-DCX (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-Sirt1 (1:1000; Santa Cruz Biotechnology), rabbit anti-synaptophysin (1:5,000; Abcam, Cambridge, UK), rabbit anti-caveolin-1 (1:1,500; Santa Cruz Biotechnology), rabbit anti-SOD1 (1:1000; Santa Cruz Biotechnology), goat anti-SOD2 (1:1000; Santa Cruz Biotechnology), rabbit anti-BDNF (1:1000; Novus, Littleton, CO, USA), rabbit anti-phosphorylated CAMKII (1:1000; Abcam), CAMKII (rabbit, 1:500, GeneTex, Irvine, CA, USA), rabbit anti-IL1β (1:1000; GeneTex, Irvine, CA, USA), or rabbit anti-TNFα (1:2000; Abcam, Cambridge, UK) antibodies overnight at 4 °C. The PVDF membranes were washed three times (10 min each in TBST); incubated with horseradish peroxidase-conjugated anti-mouse IgG, anti-goat IgG, or anti-rabbit IgG; and then visualized with an enhanced luminol-based chemiluminescent kit (Pierce Chemical, Rockford, IL, USA). The blots were scanned by an electronically cooled CCD camera system (Fujifilm LAS-1000), and the chemifluorescent images were captured. The blots were densitometrically scanned for quantification of the relative optical density of each band using NIH Image 1.59 software. The data were normalized against those of β-actin.

2.10. Object Location Task {#sec2dot10-nutrients-11-00176}
--------------------------

An object location task was performed as previously described, with minor modifications \[[@B17-nutrients-11-00176]\]. The experimental apparatus was a rectangular open field box made of white Plexiglass (40 × 40 × 40 cm) with distinct visual cues in one of the walls. Before training, each mouse (*n* = 10 in each group) was habituated to the experimental apparatus for 10 min a day for two consecutive days in the absence of objects. During the training phase, mice were placed in the experimental apparatus with two identical objects and were allowed to explore for 10 min. During the test phase, mice were re-exposed to the experimental apparatus for 10 min, with one of the two objects moved into a novel location. Exploration of each object was scored when the mouse's nose was touching the object or when its head was oriented toward the object within a distance of 1 cm. To measure the preference for each location, we calculated the discrimination ratio as follows: (time exploring the novel location − time exploring the familiar location)/(time exploring the novel + familiar location).

2.11. Statistical Analyses {#sec2dot11-nutrients-11-00176}
--------------------------

The data are presented as the mean ± standard error of means. Differences among the means were statistically analyzed by one-way analysis of variance followed by Bonferroni's post-hoc tests using GraphPad Prism 5.01 software (GraphPad Software, Inc., La Jolla CA, USA). A *p*-value of \<0.05 was considered statistically significant.

3. Results {#sec3-nutrients-11-00176}
==========

3.1. Effects of Oral Administration of Ascorbic Acid on Body and Brain Weights in D-gal-Treated Mice {#sec3dot1-nutrients-11-00176}
----------------------------------------------------------------------------------------------------

Body and brain weights of the mice in the control, AA, D-gal, and D-gal-AA groups were not significantly different. However, the hippocampus weight was reduced in D-gal-induced brain senescent mice compared with control mice, while ascorbic acid treatment prevented the weight loss of the hippocampus in the D-gal-AA group ([Figure 1](#nutrients-11-00176-f001){ref-type="fig"}).

3.2. Effects of Oral Administration of Ascorbic Acid on Cell Proliferation in D-gal-Treated Mice {#sec3dot2-nutrients-11-00176}
------------------------------------------------------------------------------------------------

As shown in [Figure 2](#nutrients-11-00176-f002){ref-type="fig"}A--D, Ki67-immunoreactive nuclei of proliferating cells are mainly detected in the subgranular zone of the dentate gyrus. Ascorbic acid treatment did not change the number of Ki67-immunoreactive nuclei in the hippocampus in the AA group compared with the control group. However, the number of Ki67-immunoreactive nuclei was markedly reduced in the D-gal alone group. Notably, ascorbic acid administration significantly increased the number of Ki67-immunoreactive proliferating cells in the D-gal-AA group compared with the D-gal alone group ([Figure 2](#nutrients-11-00176-f002){ref-type="fig"}).

3.3. Effects of Oral Administration of Ascorbic Acid on Neuroblast Differentiation in D-gal-Treated Mice {#sec3dot3-nutrients-11-00176}
--------------------------------------------------------------------------------------------------------

As shown in [Figure 3](#nutrients-11-00176-f003){ref-type="fig"}, cell bodies of DCX-immunoreactive neuroblasts and immature neurons are observed in the subgranular zone, with well-developed dendrites extending into the molecular layer of the dentate gyrus in the control mice. The number of DCX-immunoreactive neuroblasts was not changed in the AA group compared with the control group. However, the numbers and dendritic arbor complexity of DCX-immunoreactive neuroblasts and immature neurons were significantly reduced in the D-gal alone group ([Figure 3](#nutrients-11-00176-f003){ref-type="fig"}C,F); notably, the reduction was attenuated by four weeks of ascorbic acid treatment in the D-gal-AA group ([Figure 3](#nutrients-11-00176-f003){ref-type="fig"}D,F). The findings by western blotting analysis are in line with those by histological staining. The protein expression levels of DCX significantly decreased in the hippocampus in the D-gal alone group, but the decrease was attenuated by ascorbic acid treatment in the D-gal-AA group ([Figure 3](#nutrients-11-00176-f003){ref-type="fig"}E,F).

3.4. Effects of Oral Administration of Ascorbic Acid on Neuronal Maturation in D-gal-Treated Mice {#sec3dot4-nutrients-11-00176}
-------------------------------------------------------------------------------------------------

To determine whether altered cell proliferation and neuronal differentiation further lead to neuronal maturation, we stained the BrdU-incorporated cells with NeuN after four weeks of the last BrdU injection. NeuN is the nuclear marker of mature neurons. As shown in [Figure 4](#nutrients-11-00176-f004){ref-type="fig"}A--D, BrdU-positive cells are detected in the subgranular zone and granule cell layer of the dentate gyrus. Chronic treatment of D-gal reduced the numbers of BrdU-incorporated cells and BrdU-NeuN double positive cells in the hippocampus in the D-gal group. BrdU-NeuN double positive cells are newly matured neurons. Ascorbic acid treatment attenuated D-gal-induced reduction of these cells in the hippocampus in the D-gal-AA group ([Figure 4](#nutrients-11-00176-f004){ref-type="fig"}). The results suggest that ascorbic acid increases the survival of BrdU-incorporated cells and their neuronal maturation.

3.5. Effects of Oral Administration of Ascorbic Acid on SOD1 and SOD2 Expression in D-gal-Treated Mice {#sec3dot5-nutrients-11-00176}
------------------------------------------------------------------------------------------------------

Chronic high levels of D-gal treatment induce the accumulation of oxidative stresses. Fukui et al. (2001) demonstrated that oxidative stress-induced brain damage contributes to learning and memory deficits \[[@B23-nutrients-11-00176]\]. We examined the expression levels of SOD1 and SOD2 in the hippocampus to elucidate D-gal-induced oxidative stress and ascorbic acid-mediated antioxidant effects. As we anticipated, long-term D-gal treatment significantly reduced the expression levels of SOD1 and SOD2 in the hippocampus in the D-gal alone group. However, ascorbic acid treatment attenuated D-gal-induced reduction in the two antioxidant enzymes in the hippocampus in the D-gal-AA group ([Figure 5](#nutrients-11-00176-f005){ref-type="fig"}). In addition, we also examined whether D-gal treatment affects the glutathione concentration in hippocampal neural progenitor cells (NPC). The cell culture and measurement of total glutathione in hippocampal NPC were conducted according to a previous study (see [Supplementary Materials](#app1-nutrients-11-00176){ref-type="app"}). As shown in [Supplementary Figure S1](#app1-nutrients-11-00176){ref-type="app"}, D-gal treatment on cells reduced the total glutathione concentration, but co-treatment of ascorbic acid with D-gal restored the D-gal-induced glutathione decrease, indicating that D-gal also produces reactive oxygen species in hippocampal neural progenitor cells and that ascorbic acid contributes to the reduction of cellular oxidative stresses induced by D-gal.

3.6. Effects of Oral Administration of Ascorbic Acid on IL1β and TNFα Expression in D-gal-Treated Mice {#sec3dot6-nutrients-11-00176}
------------------------------------------------------------------------------------------------------

We investigated the effects of D-gal and ascorbic acid treatment on the expression levels of inflammatory mediators (IL-1β and TNFα) in the hippocampus. Both IL-1β and TNFα were significantly upregulated in the hippocampus in the D-gal alone group compared with the control group. However, ascorbic acid co-administration with D-gal abrogated D-gal-induced upregulation of inflammatory cytokines in the hippocampus ([Figure 5](#nutrients-11-00176-f005){ref-type="fig"}). These results suggest that long-term D-gal treatment induces neuroinflammation in the hippocampus, while ascorbic acid has anti-inflammatory effects.

3.7. Effects of Oral Administration of Ascorbic Acid on Sirt1 and Caveolin-1 Expression in D-gal-Treated Mice {#sec3dot7-nutrients-11-00176}
-------------------------------------------------------------------------------------------------------------

Sirt1 and caveolin-1 are aging-related markers (or indicators). Sirt is a highly conserved family of nicotinamide adenine dinucleotide^+^-dependent deacetylase and class III histone deacetylase (HDAC). HDAC-mediated removal of acetyl groups from acetylated lysine residues of histone leads to chromatin compaction and transcription repression. Sirt1 is an important longevity factor because of its anti-aging action. Caveolin-1, the major structural protein of caveolae, is involved in organization of the synaptic development and signaling. Accelerated aging has been demonstrated in a caveolin-1-knockout model \[[@B24-nutrients-11-00176]\]. The expression levels of both Sirt1 and caveolin-1 were significantly reduced in the hippocampus in the D-gal group compared with the control group. However, ascorbic acid treatment attenuated D-gal-induced reduction of Sirt1 and caveolin-1 in the hippocampus in the D-gal-AA group ([Figure 5](#nutrients-11-00176-f005){ref-type="fig"}).

3.8. Effects of Oral Administration of Ascorbic Acid on Synaptophysin and pCAMK II Expression in D-gal-Treated Mice {#sec3dot8-nutrients-11-00176}
-------------------------------------------------------------------------------------------------------------------

Additionally, to elucidate whether altered neurogenesis is linked to changed synaptic plasticity, we investigated related marker proteins in this study. The expression level of synaptophysin, a synaptic maker protein, was reduced by D-gal treatment, and ascorbic acid co-administration attenuated D-gal-induced reduction of synaptophysin. The expression pattern of the activated phosphorylated form of CAMK II (pCAMK II) was also investigated in the hippocampus. CAMK II is essential in the induction of long-term potentiation (LTP) and memory consolidation \[[@B25-nutrients-11-00176]\]. Similar to the findings in synaptophysin, D-gal-induced reduction and ascorbic acid-mediated amelioration of the reduction in pCAMK II were detected in the hippocampus ([Figure 5](#nutrients-11-00176-f005){ref-type="fig"}). However, the expression level of total CAMKII was not changed by D-gal treatment alone and co-treatment of ascorbic acid with D-gal also did not affect its expression level in the hippocampus ([Figure S2](#app1-nutrients-11-00176){ref-type="app"}).

3.9. Effects of Oral Administration of Ascorbic Acid on BDNF Expression in D-gal-Treated Mice {#sec3dot9-nutrients-11-00176}
---------------------------------------------------------------------------------------------

The expression of BDNF was investigated to illustrate the mechanism of the changed neurogenesis and synaptic plasticity. BDNF is an important mediator of structural plasticity, such as adult neurogenesis, synaptogenesis, and functional synaptic plasticity \[[@B26-nutrients-11-00176]\]. D-gal treatment significantly reduced the protein expression level of BDNF, while ascorbic acid co-administration attenuated the reduction in the hippocampus in the D-AA group ([Figure 5](#nutrients-11-00176-f005){ref-type="fig"}).

3.10. Effects of Oral Administration of Ascorbic Acid on Phosphorylated cAMP Response Element-Binding Protein (pCREB) Expression in D-gal-Treated Mice {#sec3dot10-nutrients-11-00176}
------------------------------------------------------------------------------------------------------------------------------------------------------

It is known that the expression of BDNF in the hippocampus is closely regulated by the transcriptional factor of pCREB \[[@B27-nutrients-11-00176]\]. We next investigated the effects of D-gal and co-treatment of D-gal with ascorbic acid on pCREB expression in the hippocampus. In all the groups, pCREB-immunoreactive cells were observed in the subgranular zone of the dentate gyrus in the hippocampus ([Figure S3](#app1-nutrients-11-00176){ref-type="app"}). Compared with the control group, the average number of pCREB-immunoreactive cells significantly reduced in the D-gal group. Co-administration of ascorbic acid with D-gal prominently increased the number of pCREB-immunoreactive cells compared with that in the D-gal group. This result suggests that ascorbic acid treatment restored D-gal-induced hippocampal reduction in pCREB-immunoreactive cells and that the restoration of pCREB expression by ascorbic acid is coupled to an increase of BDNF expression.

3.11. Effects of Oral Administration of Ascorbic Acid on Spatial Memory in D-gal-Treated Mice {#sec3dot11-nutrients-11-00176}
---------------------------------------------------------------------------------------------

Furthermore, to examine whether ascorbic acid treatment leads to functional improvement of the hippocampus, we conducted the object location task, which is used to assess hippocampal-dependent memory. During the training phase, no significant differences were observed among the three groups. However, during the test phase, saline-injected control mice showed a preference for the novel location, while D-gal-treated mice showed no preference for the novel location over the familiar location. Furthermore, a significant decrease in the discrimination ratio was observed in the D-gal alone group compared with the control group. However, ascorbic acid-treated D-gal mice exhibited a preference for the novel location and had a remarkably improved discrimination ratio. These results suggest that ascorbic acid administration reverses D-gal-induced hippocampus-dependent memory impairment ([Figure 6](#nutrients-11-00176-f006){ref-type="fig"}).

4. Discussion {#sec4-nutrients-11-00176}
=============

Previous studies have demonstrated that long-term D-gal treatment induces brain aging \[[@B2-nutrients-11-00176],[@B4-nutrients-11-00176],[@B7-nutrients-11-00176],[@B9-nutrients-11-00176],[@B17-nutrients-11-00176]\]. Accumulation of oxidative stress is one of the important mechanisms of brain aging \[[@B1-nutrients-11-00176]\]. Especially, long-term systemic treatment of high levels of D-gal induces the generation of reactive oxygen species and accelerates brain aging. Ascorbic acid is an essential element for the development of the brain and homeostasis of brain activity \[[@B14-nutrients-11-00176]\]. However, the effect of ascorbic acid supplementation on adult brain aging has not been thoroughly investigated. Thus, in the present study, we examined the effect of ascorbic acid in the hippocampus in a D-gal-induced brain aging model.

First, we evaluated the effect of the administration of D-gal and oral gavage of ascorbic acid/D-gal on the body weight of mice. It was found that body weight was not significantly affected during the experiment. Brain weight was not significantly different among the experimental groups, but the hippocampal weight was significantly reduced in the D-gal group; notably, the reduction in hippocampal weight was attenuated by ascorbic acid co-treatment ([Figure 1](#nutrients-11-00176-f001){ref-type="fig"}B).

Previous studies, including ours, found that chronic D-gal treatment effectively impaired adult hippocampal neurogenesis \[[@B9-nutrients-11-00176],[@B17-nutrients-11-00176],[@B28-nutrients-11-00176]\]; therefore, we next investigated the effect of D-gal and ascorbic acid co-treatment on adult hippocampal neurogenesis. Although ascorbic acid treatment alone did not affect neurogenesis in the dentate gyrus in the hippocampus, ascorbic acid co-treatment with D-gal attenuated D-gal-induced reduction of Ki67-immunoreactive proliferating cells, DCX-immunoreactive neuroblasts and immature neurons, and BrdU-incorporated NeuN-immunoreactive mature neurons ([Figure 2](#nutrients-11-00176-f002){ref-type="fig"}, [Figure 3](#nutrients-11-00176-f003){ref-type="fig"} and [Figure 4](#nutrients-11-00176-f004){ref-type="fig"}). The present results are consistent with those of a previous study with an ischemic animal model, in which ascorbic acid co-administration with fluoxetine increased the number of DCX-immunoreactive neuroblasts and improved subsequent functional recovery \[[@B29-nutrients-11-00176]\]. Ascorbic acid deficiency causes impairment in hippocampal neurogenesis \[[@B13-nutrients-11-00176]\], and ascorbic acid treatment is effective in promoting the proliferation of stem cells \[[@B30-nutrients-11-00176]\]. Shin et al. (2004) demonstrated that ascorbic acid promotes the differentiation of embryonic stem cells to neurons by increasing the expression of genes of cell adhesion and development \[[@B31-nutrients-11-00176]\]. Thus, ascorbic acid might help mitigate brain aging-related hippocampal dysfunctions.

Previous studies suggested that ascorbic acid-mediated enhancement in structural plasticity is associated with increased neuronal differentiation and antioxidation \[[@B31-nutrients-11-00176],[@B32-nutrients-11-00176]\]. In this study, we further investigated the effect of ascorbic acid administration on D-gal-induced oxidative stress, and our findings confirm that ascorbic acid restores D-gal-induced reduction of antioxidant enzymes (SOD1 and SOD2) in the hippocampus. Therefore, the reduction of antioxidant enzymes may be responsible for D-gal-induced increased oxidative stresses, and ascorbic acid supplementation attenuates increased oxidative stress. Additionally, Chang et al. (2012) previously demonstrated that the supplementation of ascorbic acid is effective in alleviating lead-induced oxidative stress by increasing the expression levels of both SOD1 and SOD2 in the developing hippocampus \[[@B33-nutrients-11-00176]\]. Moreover, other studies indicated that ascorbic acid protects against oxidative stress caused by SOD depletion, chronic stress, and aluminum exposure \[[@B20-nutrients-11-00176],[@B34-nutrients-11-00176],[@B35-nutrients-11-00176]\]. Besides oxidative stress, inflammation is also an important aging-inducing mechanism of D-gal treatment \[[@B36-nutrients-11-00176]\]. D-gal treatment promotes the generation of reactive oxygen species that activate inflammatory pathways \[[@B37-nutrients-11-00176]\]. Our present study showed that long-term D-gal administration upregulated the protein levels of pro-inflammatory IL-1β and TNFα in the hippocampus, while ascorbic acid co-treatment with D-gal attenuated the upregulation of these inflammatory markers ([Figure 5](#nutrients-11-00176-f005){ref-type="fig"}).

After confirming aging phenotypes in the hippocampus, we next sought to identify a critical molecular indicator of brain aging, and we selected Sirt1 and caveolin-1 because they are commonly thought to be associated with brain aging and neurodegeneration \[[@B24-nutrients-11-00176],[@B38-nutrients-11-00176],[@B39-nutrients-11-00176],[@B40-nutrients-11-00176]\]. Previous studies demonstrated that Sirt1 is a vital longevity factor because of its anti-aging and anti-oxidative effects \[[@B41-nutrients-11-00176],[@B42-nutrients-11-00176],[@B43-nutrients-11-00176],[@B44-nutrients-11-00176]\]. In the present study, D-gal alone-induced brain aging was linked to reduced Sirt1 expression in the hippocampus, while ascorbic acid co-treatment attenuated the decrease of Sirt1. The findings in the present study are similar to those in a previous study \[[@B45-nutrients-11-00176]\]. Sirt1 activation induced by resveratrol and melatonin is neuroprotective through antioxidant and anti-inflammatory effects \[[@B41-nutrients-11-00176],[@B44-nutrients-11-00176]\]. Therefore, it is likely that Sirt1 induction is involved in the beneficial effects of ascorbic acid in the present study \[[@B43-nutrients-11-00176]\]. Sirt1 promotes neurogenesis, dendritic/axonal growth, and synaptic plasticity \[[@B39-nutrients-11-00176]\]. Recent studies indicate that the caveolin-1 knockdown or knockout condition accelerates senescence by inactivating Sirt1 \[[@B24-nutrients-11-00176],[@B40-nutrients-11-00176]\]. In addition, the expression level of caveolin-1 is significantly reduced in the hippocampus in 24-month-old aged rats \[[@B46-nutrients-11-00176]\]. Collectively, ascorbic acid-mediated induction of caveolin-1 may be associated with the restoration of neurogenesis because ascorbic acid is involved in BDNF signaling-related pro-survival and pro-growth \[[@B47-nutrients-11-00176]\]. In fact, in the ischemic brain, caveolin-1 is required for neuroprotection against cell injury and death \[[@B48-nutrients-11-00176]\].

Additionally, we evaluated the expression levels of a synaptic marker protein (synaptophysin), the activated form of CAMK II (pCAMK II), and BDNF in the hippocampus. Chronic D-gal alone treatment reduced the protein levels of synaptophysin, pCAMK II, and BDNF, while ascorbic acid co-treatment with D-gal restored the protein levels to near their respective control levels. The results in the present study are supported by those in previous studies, which demonstrated D-gal-induced synaptogenesis and LTP impairment in the hippocampus \[[@B17-nutrients-11-00176],[@B46-nutrients-11-00176]\]. Ascorbic acid is effective in reversing lead-induced impairment of LTP in the hippocampus \[[@B49-nutrients-11-00176]\]. As demonstrated by immunoblotting, the expression pattern of Sirt1 (D-gal alone-induced reduction and ascorbic acid-mediated increase) is similar to that of BDNF, suggesting that Sirt1 contributes to the enhancement of synaptic plasticity and memory by upregulating the expression of BDNF \[[@B39-nutrients-11-00176]\]. Therefore, our findings indicate that ascorbic acid has anti-aging effects, and both Sirt1 and BDNF might be responsible for the recovery of structural plasticity in the hippocampus.

Moreover, we conducted the novel location recognition test to evaluate the memory function in the D-gal-induced aging model \[[@B50-nutrients-11-00176]\]. Similar to naturally aged mice, D-gal-induced aging mice show memory impairment \[[@B51-nutrients-11-00176]\]. As demonstrated in a previous study with an Alzheimer's disease model \[[@B20-nutrients-11-00176]\], ascorbic acid co-treatment ameliorates D-gal-induced memory impairment. Noguchi-Shinohara et al. (2018) recently found that a high blood level of ascorbic acid is associated with the amelioration of apolipoprotein E E4-related cognitive decline in elderly women \[[@B52-nutrients-11-00176]\]. Because ascorbic acid has a low toxicity and is a low-cost compound, it could be one of the representative antioxidants that are effective in delaying the onset and progression of Alzheimer's disease in humans \[[@B53-nutrients-11-00176]\].

It is worth noting the dose of ascorbic acid used in the present study. We used a relatively high dose of ascorbic acid to observe anti-brain aging against D-galactose. If ascorbic acid is applied for a translational medicine as an anti-brain aging agent based on the present study, the high-dosage of ascorbic acid could be arguable. However, it is unlikely to do harm with this dosage, since it is well-known that ascorbic acid is safe with even a high dose \[[@B54-nutrients-11-00176]\]. Alternatively, we can use less ascorbic acid with other anti-oxidants such as glutathione, as shown in previous reports, to enhance the anti-oxidant activity of ascorbic acid \[[@B55-nutrients-11-00176]\]. Thus, co-treatment might also contribute to further lowering the burden of D-galactose conversion to D-galacticol by D-galactose reductase that oxidizes reduced nicotinamide adenine dinucleotide phosphate (NADPH) to nicotinamide adenine dinucleotide phosphate (NADP) \[[@B5-nutrients-11-00176]\]. In future, further studies will be required for the translational application of ascorbic acid alone or co-treatment with other anti-oxidants against human brain aging.

5. Conclusions {#sec5-nutrients-11-00176}
==============

In summary, ascorbic acid-mediated beneficial effects on brain aging may be achieved by several mechanisms, including the promotion of neurogenesis and synaptic plasticity; increase in endogenous antioxidants; attenuation of neuroinflammation; and enhanced expression of Sirt1, caveolin-1, and BDNF, in the hippocampus impaired by D-gal. These mechanisms might account for the subsequent functional improvement in hippocampus-dependent memory. Therefore, our findings suggest that ascorbic acid is a useful anti-brain aging agent.

The following are available online at <http://www.mdpi.com/2072-6643/11/1/176/s1>, Supplementary Methods, Figure S1: Effects of ascorbic acid (AA) on D-galactose (D-gal)-induced decrease of total glutathione concentration in the hippocampal NPCs. Note that co-treatment of ascorbic acid with D-galactose attenuates D-galactose alone-induced reduction of total glutathione in in vitro cell assay. \# *p* \< 0.01, indicating a significant difference from control. \* *p* \< 0.01, indicating a significant difference from D-gal alone groups (*n* = 9), Figure S2: Effects of ascorbic acid (AA) on D-galactose (D-gal)-induced alterations of CAMKII expression level. Western blot analysis of CAMKII was analyzed by comparing the relative optical density (ROD) of immunoblot bands, which are demonstrated as a percentage of the value of control group (*n* = 7 per group; \# *p* \< 0.05, indicating a significant difference between control and D-gal groups; \* *p* \< 0.05, indicating a significant difference between D-gal and D-gal + AA groups). Data are presented as means ± SEM, Figure S3: Immunohistochemistry for pCREB in the dentate gyrus of the in the control (A), ascorbic acid (AA) (B), D-galactose (D-gal) (C), and ascorbic acid (150 mg/kg)-fed D-gal (D) groups. pCREB-positive cells in the subgranular zone of dentate gyrus (arrows) are counted. Note that numbers of pCREB-positive cells are significantly decreased in the D-gal group. In the D-gal+AA group, pCREB-positive cells were significantly increased compared to the D-gal group. GCL, granule cell layer; ML, molecular layer; PL, polymorphic layer. Scale bar = 50 μm. E: The number of pCREB-positive cells in the dentate gyrus of hippocampus (*n* = 3 per group; \# *p* \< 0.05, indicating a significant difference between control and D-gal groups; \* *p* \< 0.05, indicating a significant difference between D-gal and D-gal + AA groups). Data are presented as means ± SEM.

###### 

Click here for additional data file.

All authors conceived the study. S.M.N., J.-S.S., S.-S.N., B.-J.C., and S.-Y.N. performed animal modeling and caring, histological staining, and immunoblotting. S.M.N. and S.-Y.N. analyzed the data and wrote the manuscript. M.S. and H.R. conducted behavioral tests. H.-J.K. conducted the in vitro cell culture test. S.-H.C. and I.-H.C. participated in the study design and subsequent discussion. All authors have read and approved the final version of the manuscript.

This study was supported by the Brain Research Program through the National Research Foundation (NRF) of Korea funded by the Ministry of Science, ICT and Future Planning (NRF-2016M3C7A1913894) and the Basic Science Research Program (NRF-2017R1D1A1A09000520) awarded to S-Y. Nah.

All the authors declare that they have no conflict of interest.

![Experimental design (**A**) and changes in body and brain weights (**B**) in control, D-galactose (D-gal), ascorbic acid (150 mg/kg; AA), and ascorbic acid (150 mg/kg)-fed D-gal (D-gal + AA) groups (*n* = 27 per group). 5-bromo-2′-deoxyuridine (BrdU) was intraperitoneally (IP) injected. \# *p* \< 0.05, indicating a significant difference between control and D-gal groups. \* *p* \< 0.05, indicating a significant difference between D-gal and D-gal + AA groups. Data are presented as means ± SEM. wk: week.](nutrients-11-00176-g001){#nutrients-11-00176-f001}

![Immunohistochemistry for Ki67 in the dentate gyrus in control (**A**), ascorbic acid (AA) (**B**), D-galactose (D-gal) (**C**), and ascorbic acid (150 mg/kg)-fed D-gal (**D**) groups. Ki67-positive nuclei are observed in the subgranular zone of the dentate gyrus (arrows). Note that numbers of Ki67-positive nuclei significantly decrease in the D-gal group, and ascorbic acid treatment significantly increases cell proliferation in the D-gal + AA group. GCL, granule cell layer; ML, molecular layer; PL, polymorphic layer. Scale bar = 50 μm. (**E**) The number of Ki67-positive nuclei in the subgranular zone of the dentate gyrus (*n* = 10 per group; \# *p* \< 0.05, indicating a significant difference between control and D-gal groups; \* *p* \< 0.05, indicating a significant difference between D-gal and D-gal + AA groups). Data are presented as means ± SEM.](nutrients-11-00176-g002){#nutrients-11-00176-f002}

![Immunohistochemistry for doublecortin (DCX) in the dentate gyrus in control (CTL) (**A**), ascorbic acid (AA) (**B**), D-galactose (D-gal) (**C**), and ascorbic acid (150 mg/kg)-fed D-gal (**D**) groups. Cell bodies of DCX-positive neuroblasts are located in the subgranular zone of the dentate gyrus, and their dendrites extend in the ML of the dentate gyrus. The number of DCX-positive neuroblasts decreases, and the dendritic complexity is impaired in the D-gal group compared with the control group. Note that ascorbic acid administration significantly increases the number of DCX-positive neuroblasts, and DCX-positive neuroblasts show well-developed dendrites in the D-gal + AA group compared with the D-gal group. GCL, granule cell layer; ML, molecular layer; PL, polymorphic layer. Scale bar = 50 μm. (**E**) Western blot analysis of DCX in the hippocampus in control, D-gal, and D-gal + AA groups. (**F**) The number of DCX-positive neuroblasts in the dentate gyrus. The relative optical density (ROD) of immunoblot bands is expressed as a percentage of the value of the control group (*n* = 10 per group for immunostaining, *n* = 7 per group for immunoblotting; \# *p* \< 0.05, indicating a significant difference compared with the control group; \* *p* \< 0.05, indicating a significant difference compared with the D-gal group). Data are presented as means ± SEM.](nutrients-11-00176-g003){#nutrients-11-00176-f003}

![Double immunofluorescence staining of BrdU (green) and NeuN (red) in the dentate gyrus in control (**A**), ascorbic acid (AA) (**B**), D-galactose (D-gal) (**C**), and ascorbic acid (150 mg/kg)-fed D-gal (**D**) groups. Note that D-gal-induced reduction in the number of BrdU-incorporated cells (BrdU^+^) is significantly attenuated by ascorbic acid administration in the D-gal + AA group. The changes in the number of BrdU^+^-NeuN^+^ cells show the same pattern as those of BrdU^+^ cells. GCL, granule cell layer; ML, molecular layer; PL, polymorphic layer. Scale bar = 50 μm. (**E**): The numbers of the BrdU^+^ and BrdU^+^-NeuN^+^ cells in the dentate gyrus of the hippocampus. The percentage of BrdU^+^-NeuN^+^ cells out of the total number of BrdU^+^ cells did not change (*n* = 10 per group; \# *p* \< 0.05, indicating a significant difference between control and D-gal groups; \* *p* \< 0.05, indicating a significant difference between D-gal and D-gal + AA groups). Data are presented as means ± SEM.](nutrients-11-00176-g004){#nutrients-11-00176-f004}

![Western blot analysis of interleukin 1 beta (IL1β) and tumor necrosis factor alpha (TNFα) (**A**), superoxide dismutase 1 (SOD1), SOD2, and sirtuin 1 (Sirt1) (**B**), caveolin-1, synaptophysin, phosphorylated Ca^2+^/calmodulin-dependent protein kinase (pCAMK) II, and brain-derived neurotrophic factor (BDNF) (**C**) in the hippocampus in control (CTL), D-galactose (D-gal), and ascorbic acid (150 mg/kg; AA)-fed D-gal groups. Relative optical density (ROD) of immunoblot bands is defined as a percentage of the value of the control group (*n* = 7 per group; \# *p* \< 0.05, indicating a significant difference between control and D-gal groups; \* *p* \< 0.05, indicating a significant difference between D-gal and D-gal + AA groups). Data are presented as means ± SEM.](nutrients-11-00176-g005){#nutrients-11-00176-f005}

![Ascorbic acid (AA) treatment ameliorates object location memory impairment in D-galactose (D-gal)-treated mice. (**A**) During the training phase, mice in all the groups showed no preference for two identical objects. No significant differences were found in the discrimination ratio among these three groups. (**B**) In the test phase, one of the two identical objects was moved into a novel location. Mice in the control and D-gal + AA groups showed a preference for the novel location over the familiar location, whereas mice in the D-gal group did not show preference between the novel location and the familiar location. The discrimination ratio in the D-gal + AA group was significantly higher than that in the D-gal group (*n* = 10 per groups; † *p* \< 0.05, indicating a significant difference between familiar and novel location).](nutrients-11-00176-g006){#nutrients-11-00176-f006}
